Abstract. When an asteroid impacts a planetary surface, ejecta are excavated along ballistic trajectories whose loci define an inverted cone shape. The outward advancing motion of this curtain displaces atmosphere to generate a ring vortex whose winds can entrain, transport, and deposit ejecta and fine-grained surface matehals. Curtain width and velocity, particle concentration, size distribution and motion parallel to the curtain, and the density, viscosity, and compressibility of the surrounding atmosphere all influence the vortex circulation strength. As analogs to an advancing ejecta curtain, we tested the effect of inclined solid and porous plates on vortex formation in a low-speed wind tunnel. We found that hydraulic resistance, a measure of energy losses for 1-D porous flow, governs the position along a porous plate where it becomes effectively permeable and flow separation occurs. The resulting flow field is similar to that over an inclined solid plate of the same effective length. Energy losses through the top, permeable portions of the plate reduce circulation strength by only 7% relative to flow over a solid plate. The two parameters needed to estimate circulation strength, curtain velocity and impermeable height, can thus be determined by coupling an impact model with published hydraulic resistance data. These tests also served to calibrate a numerical model, which we then applied to investigate the influence of atmospheric compressibility and particle motion parallel to the curtain (see Part 2 [Barnouin-Jha et al., this issue]). These two studies provide a method to predict the curtain-induced flow and consequent patterns of debris deposition associated with impacts on planets with atmospheres.
Introduction
The impact of a high-speed projectile into a planetary surface excavates material and ejects it in a dense stream of particles resembling an inverted cone [Gault et al., 1968; Oberbeck, 1975] . Individual particles initially follow ballistic trajectories, and their loci define an outward advancing curtain. The curtain is axisymmetric for vertical impacts. The high concentration of ejecta in the lower, thick portion of the curtain creates an impermeable barrier that displaces atmosphere up and around it (Figure 1 ). Atmospheric flow through the upper, permeable portion separates to create a vortex ring behind the curtain. This vortex ring entrains, transports, and deposits fine-grained ejecta decelerated out of the curtain. Ejecta that are too large to be entrained arrive ballistically prior to the passage of the vortex winds. Nevertheless, the vortex winds also then mobilize and saltate this larger fraction along with fine-grained surface materials. In laboratory ex- cantly reducing its ability to affect ejecta emplacement. In addition, experiments indicate that at high impact angles (defined relative to the surface tangent), less than 1% of the projectile's kinetic energy is partitioned into the atmospheric blast [Schultz, 1996] . Conservative estimates using 5% of the projectile's kinetic energy and a point source approximation for atmospheric recovery [Sedov, 1993 and references therein] show that ejecta emplacement occurs at near-ambient atmospheric conditions even on Mars [Schultz, 1992a; BarnouinJha, 1998 ]. Also, laboratory [Schultz, 1992a [Schultz, , b, 1996 and numerical work Pierrezo and Crawford, 1995] shows that for impacts <45 ø , the blast acquires momentum from the projectile, displacing it away from the crater. Estimates for Mars indicate that the blast is displaced far enough away that most ejecta would encounter at best a slightly heated atmosphere [Schultz, 1992a] . On Venus, high atmospheric density is expected to slow blast displacement [Schultz, 1992b; Sugita and Schultz, 1995] . However, the circumference of the blast zone and vapor are significantly contained: only small portions of the late-stage ejecta curtain encounter the blast, forming parabolic interference regions observed downrange of Venusian craters [Schultz, 1992b; Sugita and Schultz, 1996] .
The importance of curtain-generated winds during the entrainment and emplacement of ejecta at planetary scales is further supported by first-order models of the atmospheric response to an advancing ejecta curtain [Schultz, 1992a 
Curtain-Generated Circulation
The circulation generated by an advancing ejecta curtain depends primarily on the permeability of the curtain to the surrounding atmosphere. By analogy to flow through porous plates or packings of particles [e.g., Idelchik, 1994] , the physical properties controlling permeability include the curtain porosity q•, the curtain width w, the most common diameter d of individual particles within the curtain, the velocity U of the surrounding atmosphere impinging upon the curtain, and the surrounding atmospheric density p and viscosity IX ( where ¾ is the coefficient of particle body shapes (¾ = 1 for spheres). All the other variables are identical to those for an ejecta curtain (Table 1) . 
Results
Measured velocity profiles and flow directions revealed that the flow fields developed by both the solid and ejecta-like plates are qualitatively similar to the expected curtaingenerated flow (Figure 1, Figure 3) . 
